Fentanyl is a highly potent and clinically widely used narcotic analgesic. The synthesis of its analogs remains a challenge in an attempt to develop highly selective µ-opioid receptor agonists with specific pharmacological properties. In this paper, the use of flexible molecular docking of several specific fentanyl analogs to the µ-opioid receptor model, in order to test the hypothesis that the hydrophobic pocket accommodates alkyl groups at position 3 of the fentanyl skeleton, is described. The stereoisomers of the following compounds were studied: cisand trans-3-methylfentanyl, 3,3-dimethylfentanyl, cisand trans-3-ethylfentanyl, cisand trans-3-propylfentanyl, cis-3-isopropylfentanyl and cis-3-benzylfentanyl. The optimal position and orientation of these fentanyl analogs in the binding pocket of the µ-receptor, explaining their enantiospecific potency, were determined. It was found that the 3-alkyl group of cis-3R,4S and trans-3S,4S stereoisomers of all the active compounds occupies the hydrophobic pocket between TM5, TM6 and TM7, made up of the amino acids Trp318 (TM7), Ile322 (TM7), Ile301 (TM6) and Phe237 (TM5). However, the fact that this hydrophobic pocket can also accommodate the bulky 3-alkyl substituents of the two inactive compounds: cis-3-isopropylfentanyl, and cis-3-benzylfentanyl, indicates that this hydrophobic pocket in the employed receptor model is probably too large.
INTRODUCTION
The exceptional opioid analgesic activity of fentanyl (1) and its analogs has been well documented in the past forty years. 1 Combined with various anesthetics, they have been employed in surgeries under general anesthesia, to manage postoperative pain and in transdermal patches to control chronic cancer pain. 2, 3 Some, such as carfentanil, are in use as veterinary analgesics for the sedation of wild animals. Numerous fentanyl analogs have been synthesized 4 as potential can-didates for novel drugs but the synthesis of the new analogs remains a challenge because drugs with specific pharmacological properties and with minimal side effects are required.
Molecular modeling of drug-receptor interactions assisted in identifying major functional groups participating in drug-receptor interactions. This may be useful as leading information in a synthesis of new, more specific drugs with increased potency. Modeling may also determine the position of a drug molecule in a receptor and identify the major amino acids participating in the formation of a drug-receptor complex, thus suggesting possible mechanisms of drug action.
In a previous paper, 5 flexible molecular docking was used to study complexes between series of active fentanyl analogs and the µ-opioid receptor. The optimal position and orientation of the fentanyl analogs in the binding pocket were determined. The model explained the high enantiospecific potency and binding of some fentanyl analogs in the binding pocket.
In this paper, flexible molecular docking of the 3-substituted fentanyl analogs 1 to 10 to the model of a µ-opioid receptor is employed in order to test the hypothesis of the hydrophobic pocket in the binding site which accommodates alkyl groups at position 3 of the fentanyl skeleton, Table I . The µ-opioid receptor is the primary site of action in the brain for opioid drugs. It is a member of the seven trans-membrane (TM) domains, G protein-coupled (GPCR) receptor superfamily, which are believed to share a common topology and a common mechanism of action. Their 3D structures are at present unknown. One hypothesis 6, 7 suggests an agonist binding to G protein-coupled receptors promotes a conformational change which leads to the formation of the activated receptor state. Another hypothesis 8 suggests that a rigid body movement of helices relative to one another is the key step in receptor activation. However, the character of these changes, which link agonist binding and G protein coupling and activation, is not known. It is a subject of intensive modeling 9 and experimental studies, including receptor cloning, site-directed mutagenesis and affinity labeling studies. 10 Therefore, in order to obtain detailed insight into the key interactions between a ligand and a receptor, molecular models, based on bacteriorhodopsin or rhodopsin templates, of various GPCRs have been developed. 6,9a,9b Despite inherent difficulties in modeling opioid receptors at the molecular level, several models of µ-opioid receptor are available. 9d,9i, [11] [12] [13] The earlier studies 9d,9k,11 used "manual docking" to a predefined binding cavity 9k,11 or rigid ligand docking. 9d The resultant bound conformation and orientation of cis-3-methylfentanyl were different in these studies. In our own previous study, 5 flexible molecular docking was used to define the optimal position and orientation of fentanyl analogs in the binding pocket of a µ-opioid receptor and to explain their enantiospecific potency and binding.
In this study, another sequence of fentanyl analogs, Table I , were flexibly docked to a model of the human µ-receptor. The goal was to evaluate the binding orien-tations and conformations of compounds 1 to 10 and to test the hypothesis of the hydrophobic pocket existing in the receptor which accomodates the 3-alkyl group of a ligand. The results were compared to the available experimental data, Table II.   TABLE II . Experimental potencies (relative to fentanyl) of 1-10 for the µ-opioid receptor
Name
Compound 
COMPUTATIONAL METHODS
All computations were performed using a P4/Celeron at 1.5 GHz. The µ-receptor model used in this study was the one built by Ferguson and co-workers, 9d and kindly made available through www.opiod.umn.edu. The rigid receptor model was used. The automated flexible ligand docking experiments were made with the AutoDock 3.0.5 program. 14 The starting geometries of the neutral ligands were taken from previous studies. 15a,b The geometries satisfy the suggested fentanyl pharmacophore, 15 by having the piperidine ring in the chair conformation, the N-phenethyl and N-phenylpropanamide substituents both equatorial and the anilido phenyl α-oriented. The amide bond had the trans configuration and the N-phenethyl substituent adopted an extended conformation, Table I . Based on the pK a values of several fentanyl derivatives, 16 the starting geometries were protonated and the protonated geometries of compounds 1-10 were optimized using the semiempirical AM1 method of the HyperChem program. 17 The Gasteiger charges were assigned to the ligand automatically by the AutoDock program. The 60×60×60 grid was centered on one of the Asp147 oxygen atoms and the Lamarckian genetic algorithm (LGA) was used in all docking calculations. The docking process was performed in two steps. In the first short step, consisting of 200
LGA runs, the initial position of the ligand was random. The population was 50, the maximum number of generations was 27,000 and the maximum number of energy evaluations was limited to 250,000. The best ligand orientation in the first step, based on the score criteria, was used as the input position for the second docking step, where the number of energy evaluations was 2.5×10 6 . The second step provided the most probable ligand geometries and orientations in the binding pocket. The resultant ligand orientations and conformations were scored based on the docking and binding energies, and on the distance of Asp147 to the protonated nitrogen of the ligand. The cut-off value for the energies was 8.4 kJ mol -1 , and the cutoff value for the distance was 0.45 nm. Site-directed mutagenesis studies 18 have shown that Asp147 to Ala/Asn or Glu point mutations lead to di-minished binding affinities, presumably due to the loss of a salt bridge or an electrostatic interaction between the negatively charged Asp147 and the protonated nitrogen of the ligand.
RESULTS AND DISCUSSION
As was described in a previous paper, 5 automated docking of some active analogs of fentanyl to the TM domain of the µ-opioid receptor resulted in several plausible docking orientations and conformations for each ligand. The resulting ligand orientations and conformations were scored based on the docking and binding energies and the distance between Asp147 and the protonated nitrogen of the ligand and only a few met the criteria and they were further evaluated based on experimental results indicating the important amino acids constituting the ligand binding site within the receptor.
The best fentanyl (1) docking orientation positions the piperidine ring nearly perpendicular to the membrane surface in the region between transmembrane helices TM3, TM5, TM6 and TM7. The protonated nitrogen is close to Asp147 of TM3 (the HN + -Odistance is 0.34 nm). The N-phenylpropanamide group is oriented toward the extracellular side of the cavity, while the N-phenethyl group adopts a gauche conformation, placing the phenyl group between TM6 and TM7. This position and orientation of a ligand in the binding pocket of the µ-opioid receptor has been supported by a number of site directed mutagenesis experiments. 5 All the other active analogs of fentanyl studied here adopted very similar conformations and alignments in the binding pocket, Figs. 1 and 2 .
It is interesting to note that the results of our studies of the docking of fentanyl analogs to the other available model of the µ-opioid receptor 20 confirmed the location of the binding pocket in the region between the trans-membrane helices TM3, TM5, TM6 and TM7, as well as the position and orientation of the fentanyl ligands within the binding pocket. This adds support to our model of binding of fentanyl analogs and of the activation of the µ-opioid receptor.
3-Methylfentanyls (2,3)
Substitution at position 3 of the piperidine ring produced some of the most potent fentanyl analogs. The (3R,4S)-cis-3-methylfentanyl, (3R,4S)-2, is about twenty times more potent than fentanyl. However the potency of 3-alkylfentanyls is highly stereosensitive, hence the (3S,4S)-trans isomer, (3S,4S)-3, is only three times more active than fentanyl, while the (3S,4R)-2 and (3R,4R)-3 are both less active than fentanyl. The potency is known to depend on the size of the alkyl group: 3-propyl-and 3-allyl-substitution leads to diminished activity, 1a suggesting the existence of a small hydrophobic pocket in the receptor. According to previous docking studies, 5 the geometries of the three isomers of low potency, (3S,4R)-2, (3S,4S)-3 and (3R,4R)-3, in the binding pocket are very similar and overlap the "best" fentanyl orientation, while the most potent of the 3-methylfentanyls, (3R,4S)-2, is different.
The molecule of (3S,4S)-3 overlaps that of fentanyl and places the equatorial 3-methyl group toward the hydrophobic pocket surrounded by Trp318 (TM7), Ile322 (TM7), Ile301 (TM6) and Phe237 (TM5), i.e., between the transmembrane helices TM5, TM6 and TM7. It was found earlier 5 that Ile 322 in TM7 is the key residue for discrimination among the stereoisomers of 3-methylfentanyl. Its location near the 3-H ax in the "best" fentanyl orientation makes this orientation inaccessible to any analog with a voluminous subsistent at the 3-ax position, forcing such a molecule to adopt a different orientation. The increased potency of the (3S,4S)-3 isomer, relative to fentanyl, is probably due to the favorable hydrophobic interactions of the methyl group in the pocket. The two least active 3-methylfentanyls, the (3S,4R)-2 and the (3R,4R)-3, overlap the "best" fentanyl orientation but the 3-methyl group is oriented away from the hydrophobic pocket and towards Asp147, with which it has unfavorable steric interactions. The most potent of the four stereoisomers is (3R,4S)-2. Although it occupies the same binding pocket as the other three isomers, it is rotated and shifted 5 relative to the other three isomers, in order to relieve the steric interactions of the axial 3-methyl group and Ile322 (TM7) in the hydrophobic pocket between helices TM5, TM6 and TM7. While maintaining a good salt bridge (HN + -Odistance 0.373 nm), a molecule in this orientation connects TM3 and TM6 through the N-phenethyl group, which has favorable edge-to-face interactions with the imidazole ring 650 DOŠEN-MIĆOVIĆ, IVANOVIĆ and MIĆOVIĆ in His297 (TM6). Simultaneously, the N-phenylpropanamide phenyl group is much closer to Trp318 (TM7) and His319 (TM7) than in the case of fentanyl itself. Considering the importance of the boundary region between TM6, TM7 and the third extracellular loop for both activity and selectivity of opioid ligands, this proximity explains the exceptional potency of this isomer of 3-methylfentanyl.
3,3-Dimethylfentanyl (4)
Although 3,3-dimethylfentanyl was synthesized, 19 its pharmacological activity and binding constant have never been determined. Both enantiomers 4S and 4R of 3,3-dimethylfentanyl were considered in the docking studies reported here. The position and orientation of (4S)-4 in the binding pocket is similar to the most potent of the 3-methylfentanyl isomers, (3R,4S)-2. (4R)-4 is similar to the other three, less potent 3-methylfentanyl isomers and to fentanyl itself. Therefore, it is to be expected that (4R)-4 would have a potency comparable to that of fentanyl, and that (4S)-4 would be even more active.
However, the present major goal was to investigate the binding profile of ligands with voluminous 3-alkyl substituents, in order to confirm the position and to determine the size of the hydrophobic pocket in the binding site of the fentanyl analogs in the µ-opioid receptor.
3-Ethylfentanyl (5,6)
As with the 3-methylfentanyls, the cis isomer (5) of the 3-ethylfentanyl is more active than the trans isomer (6), Table II . One of the two enantiomers of 5, (3R,4S)-5, Fig. 1a , has the same position and orientation in the binding pocket as the most potent of the stereoisomers of 3-methylfentanyl, (3R,4S)-2, with the 3-ethyl group extending deep into the hydrophobic pocket and toward Asn230. The position and orientation of (3S,4R)-5 resembles that of fentanyl (1), Fig. 1b . This means that, as in the case of 3-methylfentanyl, the (3R,4S)-5 isomer is expected to be the more potent of the two cis stereoisomers of 3-ethylfentanyl. The position and orientation of the two trans isomers of 3-ethylfentanyl (6) in the binding pocket are close to that of fentanyl (1), Fig. 2 . Therefore they are expected to have activities comparable to that of fentanyl.
3-Propylfentanyl (7,8)
The molecule of (3R,4S)-7 has two orientations in the binding pocket with nearly equal energies. One is similar to the position of the highly potent (3R,4S)-2 and the other one to the position of fentanyl. This may be the reason for the reduced potency of 7 relative to 2 and 5. The other reason for the low potency of 7 is inability of (3S,4R)-7 to adopt a fentanyl-like orientation, i.e., an active orientation because of the steric bulk of the n-propyl group and its steric interactions with Asp147. Yet another reason for the diminished potency of 7 may be the size of the n-propyl group, which is probably too big compared to the size of the hy-drophobic pocket. However, this was not obvious from our calculations where the n-propyl group, adopting gauche conformation, fits well to the relatively big hydrophobic pocket surrounded by the trans-membrane helices TM5, TM6 and TM7.
In the case of the trans isomer of 3-propylfentanyl (8), the (3S,4S)-8 enantiomer adopts a fentanyl-like orientation. However, the complete inability of the other enantiomer (3R,4R)-8 to adopt any fentanyl-like orientation in the binding pocket may be the reason for the measured low activity of 8, which is about three times less active than fentanyl.
3-Isopropylfentanyl (9) and 3-benzylfentanyl (10)
As the cis isomers are the more potent stereoisomers of the known 3-alkylfentanyls, the pharmacological activities of only cis-3-isopropylfentanyl (9) and cis-3-benzylfentanyl (10) were determined. 19 Both were inactive or had very low activity, Table II. According to the docking studies, (3S,4R)-9 and (3S,4R)-10 cannot adopt any fentanyl-like orientation due to steric crowding. Thus, they cannot be active according to our model. However, (3R,4S)-9 and (3R,4S)-10 adopt a position and orientation in the binding pocket similar to those of a molecule of the very potent (3R,4S)-2. Therefore their experimentally determined lack of activity was unexpected. The reason for this discrepancy might be the high values of logP for these compounds, especially for compound 10, which may affect the bioavailability of a compound. However, compounds 7 and 9 have similar values of logP and yet different potencies. Another reason might be the oversized hydrophobic pocket in the employed receptor model, which would enable the accommodation of even bulky substituents, such as an isopropyl or a benzyl group. The oversized hydrophobic pocket may be the consequence of in vacuo modeling of the receptor structure. According to recent work 22 on simulations of the molecular dynamics of the µ-opioid receptor in a membrane-aqueous system, the arrangement of the α-helices of the transmembrane receptor domain became more compact relative to an isolated receptor. The atoms in the upper portion of TM3, TM5 and TM6 shifted inward from 0.02 to 0.38 nm, yielding a more compact binding pocket. CONCLUSION In the present study an automated docking procedure was applied in order to determine the optimal position and orientation of the ten fentanyl analogs in the binding pocket of the µ-opioid receptor, and to confirm the existence of the hydrophobic pocket accommodating the non-polar substituents at position 3 of the fentanyl skeleton. The quality of the model of the receptor-ligand complexes was estimated on the basis of their binding and docking energies, the distance between Asp147 (TM3) and the protonated amine nitrogen of the ligand, and the agreement with point-mutation experimental data, as described earlier. 5 It was shown that all the active compounds occupy the same binding pocket in the receptor, located near the extracellular region and between the transmembrane helices TM3 to TM7. The ligand molecule is parallel to the transmembrane helices, with the 4-phenylpropanamide group pointing to the extracellular region and the N-phenethyl group placed deep in the pocket in the region between TM6 and TM7.
3-Alkyl substituted fentanyl stereoisomers with the 4R configuration and the alkyl substituent bulkier than the ethyl group cannot adopt a fentanyl-like orientation due to steric crowding, and, according to our model, cannot be active.
3-Alkyl substituted fentanyl stereoisomers with the 4S configuration can adopt a fentanyl-like, active orientation. All the 3-alkyl substituents of the stereoisomers with 4S configuration occupy the same hydrophobic pocket located between TM5, TM6 and TM7, and surrounded by the amino acids Trp318 (TM7), Ile322 (TM7), Ile301 (TM6) and Phe237 (TM5). However, in the employed receptor model, this hydrophobic pocket seems to be too large, accommodating even bulky groups such as isopropyl and benzyl and suggested that 3-isopropyl and 3--benzylfentanyl could be moderately active.
Фентанил је наркотички аналгетик високе активности и широке клиничке примене. Добијање његових аналога, у смислу да се развију високо селективни агонисти µ-опиоидног рецептора одређених фармаколошких својстава, и даље је изазов, како за експерименталну тако и за теоријску хемију. У овом раду описано је флексибилно уклапање молекула неколико аналога фентанила у µ-опиоидни рецептор, у циљу провере претпоставке да у скелету рецептора постоји хидрофобно место које прихвата алкил групе у положају 3 код аналога фентанила. Испитивани су стереоизомери следећих једињења: cisи trans-3-метилфентанил, 3,3-диметилфентанил, cisи trans-3-етилфентанил, cisи trans-3-пропилфентанил, cis-3-изопропилфентанил и cis-3-бензилфентанил. Одређени су оптимални положај и оријентација ових аналога фентанила у месту везивања у µ-рецептору који објашњавају њихову енантиоспецифичну активност. Нађено је да 3-алкил група cis-3R,4S и trans-3S,4S стереоизомера свих активних једињења заузима хидрофобно место између TM5, TM6 и TM7, које чине аминокиселине Trp318 (TM7), Ile322 (TM7), Ile301 (TM6) и Phe237 (TM5). Међутим, чињеница да ово хидрофобно место може да прихати и волуминозне 3-алкил супституенте два неактивна једињења, cis-3-изопропилфентанила и cis-3-бензилфентанила, указује на то да је оно у случају коришћеног модела рецептора вероватно веће него у природном рецептору. 
